Abstract -A novel chaotic spread spectrum acoustic communication method is proposed in this paper. A chaotic signal, generated by a hybrid dynamical system, is used as spread spectrum sequence and the corresponding chaotic matched filter is used to decrease the effect of multiple propagation and noises. The proposed method does not need the complicated channel modulation-demodulation and equalization technologies, which are necessary for conventional acoustic communication. Simulation results show the proposed method has lower BER as compared to some existing methods.
I. INTRODUCTION
The ocean occupies two-thirds of the surface of the earth, containing abundant resources. Underwater acoustic communication is plays a critical role in the field of marine development and military [1] .
Conventional spread spectrum communications use pseudo-noise (PN) codes (such as M sequences, Gold sequences, etc.) as spread spectrum codes. PN codes, generally produced by linear feedback shift register, have the fixed periodical structure. Therefore, in the case of multipath environments, large spikes can be found in their cross-correlated functions. Chaotic signals, with wideband spectrum, sensitive dependence on initial conditions, aperiodic property and a delta-function autocorrelation, is used as spread spectrum sequences, which can improve performances of traditional pseudonoise (PN) codes. Chaotic direct sequence spread spectrum communications are mainly divided into two categories: chaotic binary value spread spectrum (CBSS) and chaotic real value spread spectrum (CRSS is also called CD3S).
CBSS researches mainly focus on how to construct chaotic spread spectrum sequences with good performance (correlation, balance). Reference [2] proposed chaotic spread-spectrum sequences produced by quantifying the multiplication result of two independent sequence generated by Tent map. Reference [3] applied a new piecewise Logistic chaotic map to image communication. The algorithm decreased BER as compared to the traditional Logistic chaotic map and its modified Logistic map. Reference [4] generated spread sequence using three dimensional chaotic system to obtain better performance as compared to the sequence generated by one dimensional chaotic system. However, it assumed a perfect synchronization between the transmitter and the receiver, which increased the difficulty for implementation. The equalization techniques had to be used to deal with the serious distortion caused by the underwater acoustic channel [5] , as done for the other conventional air-based wireless communication methods to be applied in underwater acoustic channel [6] . Chaotic direct sequence spread spectrum (CD3S) communication method was proposed by U. Parlitz [7] , in 1994. The idea of CD3S is to implement chaotic spread spectrum sequence synchronization as well as to decode the information by filter techniques, such as Extended Kalman Filter (EKF), Unscented Kalman Filter (UKF) and Particle Filter (PF), etc. Reference [8] proposed two decoding methods for using CD3S in underwater acoustic channel. One of them used Exact Spreading Sequence copy, relied on the exact replica of the spread spectrum sequence, which increased the complexity in implementation. The other method used Dual UKF to estimate the spreading spectrum sequence and the delivered information symbol , which had a little higher BER because of no equalization being used. In Ref. [9] , a carrier recovery block was used to compensate carrier phase deviation and the DUKF was used to estimate the chaotic spreading code together with the data symbol transmitted.
In this paper, a novel chaotic direct sequence spread spectrum communication for underwater communication is proposed. The proposed method has merits of the CBSS sequences and the CD3S sequences. The chaotic spreading sequences, generated by a hybrid dynamical system, are continuous time signal containing random-like pseudo-noise (PN) discrete codes. By adding synchronous frame into spreading spectrum signals, the proposed method can demodulate the information without a accurate synchronization between the transmitter and receiver or the code synchronous acquisition. In addition, a matched filter is used at the receiver to reduce the effect of noise and interference.
II. THE HYBRID DYNAMICAL SYSTEM
We consider a hybrid dynamical system comprising of a continuous state u and a discrete state s∈{±1} [10] 2 2 
The phase-space plot of the hybrid dynamical system for f=1 is shown in Fig.1 . From Fig.1 , we know that it is a typical chaotic attractor, and it can be calculated that the positive Lyapunov exponent is ln2. So the signal is chaotic. The corresponding matched filter, that can functionally decease the effect of noise and multipath interference, is given by
Where u 3 (t), received signal after transmitted through the underwater acoustic channel, is the filter input, u 4 (t) is the filter output.
IV. THE CHAOTIC SPREAD SPECTRUM COMMUNICATION METHOD IN UNDERWATER ACOUSTIC CHANNEL
The method proposed in the paper is shown in Figure 2 . the transmitted signal is B n ={b 1 ,b 2 ,…,b n } (b n is the nth binary information) is encoded by the encoding module to get the transmitted signal. Then, the transmitted signal is transmitted through the underwater communication channel, the received signal passes through the decoding module to decode the information received.
In Fig.2 , the encoding module includes three functions, firstly, the module converts the binary information into corresponding rectangular waveform (continuous signal) representing binary information 1 with amplitude equal to one and binary information 0 with amplitude equal to minus one. Each information bit has time duration T b , which corresponds the information transmission rate R b bits/second =1/T b ; Secondly, the spread spectrum signal u 1 is derived by multiplying the rectangular waveform with the signal u generated by hybrid system (1). Assume R c bits/s represents the symbol generating rate of the hybrid system. Therefore, the spreading gain is denoted as L=R c /R b =T b /T c ; thirdly, The spread spectrum signal, u 1 , is incorporated with the synchronous frame, which is a piece of u. The synchronous frame could be selected as any segment of u corresponding to a discrete symbol s (with a time duration T c ), within the period of a binary information bit. The synchronous frame selection rule is flexible for each bit, which help to increase the security of the communication, provided that the receiver knows the rule. The transmitted signal u 2 is formed after the synchronization frame is incorporated into u 1 . After u 2 is transmitted through underwater acoustic channel described by Ref. [11] , the received signal, u 3 , is sent to the decoding module. The decoding module has two functions. the first one is to filter the received signal by the corresponding matched filter given in Eqs. (3) and (4) . Although the tremendous distortion of the transmitted signal made by the channel, the match filter can decrease the effect of the noise and interference. The second function of the decoding module is to decode the information. The filter output u 4 can be used to decode information transmitted. The symbols embodied in u 4 can be detected by
Where Δt is the detection time delay and Δt is selected a fifteen percent of T c , n is the number index of the symbols. After the symbols s n are detected, according to the rule of the synchronization frame selection and incorporation, we simply multiply the synchronization symbol and its corresponding symbol of the spread sequence in the filtered signal u 4 to decode binary bit transmitted. In the following parts, we will analyze the performance of the proposed method.
Ⅴ. THE SPECTRUM ANALYSIS OF THE PROPOSED METHOD
In this section, we will analyze the signal spectrum of the proposed communication scheme. Assume that the information transmission bit rate R b =10bits/s, the transmitter parameter f=500, then T c =0.002s, symbol generation rate of the hybrid system R c =500bits/s, and thus, spectrum spreading gain L=50. The frequency spectrum of the original signal is given in Fig. 3(a) ; It can be calculated that the bandwidth of the signal is approximately 15.6Hz. The frequency spectrum of the transmitted signal after the spread spectrum operation using the proposed method is shown in Fig. 3(b) . It can be calculated that the bandwidth of the transmitted signal is approximately 775Hz, which is close to the theoretical value being equal to 15.6Hz* 50 = 780Hz. The received signal spectrum after transmission through underwater communication channel with signal to noise ratio equal to -16dB is given in Fig. 3(c) . It can be seen from Fig. 6(c) that the signal spectrum is almost inundated by the noise spectrum. This received signal is fed into the matched filter, and the filtered signal spectrum is given in Fig. 3(d) . It can be seen from Fig. 3(d) that the frequency spectrum of the filtered signal is similar to that of the transmitted one. It can be calculated that the filtered signal bandwidth is about 770Hz. (d) Spectrum of filter output signal Fig. 3 . The spectrum analysis of chaotic spread spectrum communication method
Ⅵ. THE PERFORMANCES COMPARISON
In the following, the traditional chaotic binary spread spectrum communication method in Ref. [5] , the chaotic real value spread spectrum communication method in Ref. [8] and the proposed chaotic spread spectrum communication method in the paper are compared using the same channel configurations [11] . From Table I , we can see that, due to adopting Passive Time Reversal Mirror (PTRM) equalization and needing sending the probe signal, the transmission rate for the method in Ref. [5] decreases. The BER of three methods versus E b /N 0 are shown in Fig. 4 . using the same communication channel configuration.
From Fig. 4 , we know that the BER of the method in Ref. [8] is highest and the BER of the proposed method is lowest. This means that the proposed method can have lower BER in underwater communication. 
Ⅶ. CONCLUSION
In the paper, the proposed method is different from the conventional chaotic spread spectrum methods. Compared with the existing chaotic spread spectrum methods, it has the following features. (1) This method does not need the channel modulation-demodulation and equalization as needed by the method in Ref. [5] , which simplifies the communication system configuration. (2) The proposed method uses the match filter to decrease the effect of noise and the inter-symbol interference caused by multipath propagation. The match filter replaces the convention channel equalization techniques with a simple configuration. This helps to get low BER. (3) The proposed method uses a synchronous frame for ease demodulation, which is very simple as compared to the conventional binary spread spectrum method in the sense that it does not need to know the original spread spectrum sequence at the receiver end, or to depend on the exact synchronous between the transmitter and the receiver. As compared to the method in Ref. [8] , the proposed method does not use filter algorithm to estimate the information and spread spectrum sequence, hence, the performance is independent on noise properties. It help to obtain lower bit error rate in underwater channel.
